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“ Water-Tube Steam-Boilers for Marine Engines.” 
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WATER-TUBE boilers are those in  which  the  water to  be  evaporated 
is contained within  the  tubes  which form the heating-surface. 

In  the  year 1878, Mr. Flannery  contributed a Paper to the 
Institution,’  showing  what progress had been made up  to  that  date 
with  this  kind of boiler at  sea. This communication and  the 
discussion which followed clearly proved that,  although consider- 
able  saving of fuel  might be  obtained with  water-tube boilers, as 
then made they were  unsuitable, because the  tubes  forming  the 
heating-surface  were burnt,  owing  to insufficient circulation. 

The subject to  which  the  Author desires to  direct  particular 
attention  is therefore circulation; and by  this  term  to convey the 
idea of motion of the  water contained in a steam-generator from 
the  upper surface of the  liquid, down to  the lower parts of the 
generator, and  returning  again to the  upper surface. 

Motion of water, simply from the  point  where  the feed-water is 
admitted to a point  in  the boiler where it becomes steam, he 
would wish  to hold distinct from the idea of circulation. Having 
so defined the term, he would divide all boilers into classes 
depending on the  manner  in  which circulation takes place. The 
motion may depend on difference of density in  the ascending 
and  in  the descending columns of water, or mechanical  means 
may be provided to induce or compel the necessary motion of the 
water  in  the generator. 

I n  order to  give more definite meaning  to  the classification of 
boilers by these  peculiarities of circulation, the  Author would 
direct  attention to Plate l, Figs. 1 to 8. 

If  an open vessel containing  water, such as shown in  Plate 1, 
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Fig. 1, should  have its lower  surface  uniformly  heated,  circulation 
will  immediately commence. Before the  water begins to  boil this 
circulation  will be feeble,  owing to  the  small difference of density 
in  its different  parts. When, however,  boiling  takes place, the 
action  will become energetic,  but  will be wanting  in  order; 
it  is  struggling and confused, and nowhere  acquires any  high 
velocity. 

This  may be taken as  a model of probably the oldest  and 
sinlplest  form of boiler,  and the circulation  has the same  character 
as that of by  far  the  greatest number made, including modern 
marine  boilers,  and,  as Mr. Flannery showed, the first  water-tube 
marine  boilers also. 

Plate 1, Fig. 2, represents Mr. Loftus  Perkins’  water-tube  boiler. 
This belongs to  the class in  which  there is no circulation, and 
consequently  pure  water  must be used to avoid the deposit of 
sediment a t  and about  the  water surface,  or that  part  furthest 
from  where the feed-water  enters. 

Plate 1, Figs. 3 and 3a, represent a large class, in  which 
straight tubes  are  placed  over the fire, and, by being  divided 
into numerous  sections,  avoid the difficulties to  some extent caused 
by  unequal expansion ; but  the  circulation  is  not sufficient to  
allow  the boilers to  be forced to  the degree  necessary to  make 
a light steam-generator, although it is assisted by a pump  returning 
water from a separate vessel used to  divide the  water from the 
steam. I n  this  particular it is  similar  to  Plate 1, Fig. 4, Mr. 
Herreshoffs  boiler,  which,  however, seems to gain  by  having 
only one passage, so that  any water in  going  through  the 
boiler  must traverse  the  entire heating-surface. This boiler  has 
been  made to  stand forcing  much better  than  the Belleville. 
The circulation,  when the  rate of working  is changed, is  difficult 
to manage. In  proper  working  water comes over with  the steam ; 
with  a  reduction in  the flow of steam this  is  liable  to cease; 
superheating  then commences, and if more feed-water be sud- 
denly pumped in,  the effect is  at first to  suspend  boiling in some 
of the coils, with  the  result of reducing  the volume of the  water 
contained,  and thus failing to  arrest  the  superheating as  quickly as 
might be wished. 

The  Field  tube,  Plate 1, Fig. 5, is  the  first example  given 
of circulation  depending on difference of density, in which  circu- 
lation  is for the most part systematic. The  Field  tube consists 
mainly of two  concentric cylinders;  the  outer surface of the 
larger one is heated,  the  intermediate space between them forms 
a  channel  for the ascending  current,  and the denser  water descends 
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within  the  inner  tube protected from heat. Boilers having  tubes 
on this plan,  even with  tubes of small diameter, stand  hard firing, 
although  the flow  of water  within  them  must be greatly  retarded 
by  dividing  the  internal space and increasing  the  frictional 
surface. 

Plate I, Fig. 6, represents the boiler of Mr. du Temple, in which 
the circulation is  similar  to  that of the  Field tube. It has  an 
external  tube, not affected by  the  heated gases, for the downward 
flow of circulating water. The  tubes forming the heating-surface 
terminate below the normal water-surface, so that  there  still remains 
a region in which confused circulation takes place. The final 
separation of the steam from the  water  is delayed by  the projection 
of masses of water  into  the steam-space. 

The  Field  tube and Mr. du Temple’s boiler, however, are much 
to be preferred  to any  in  which mechanical means are required  to 
assist the circulation, for they solve the problem of a boiler with 
sufficient force in  the different  densities of the wat’er  contained 
in  it to promote circulation in  small tubes. 

In Plate 1, Fig. 7, is represented the first example in  which  the 
circulation  is systematic throughout.  This is the boiler of Mr. 
Matheson, and was  introduced  to the  Author as one which  had been 
constructed for distilling  water for  chemical purposes, where purity 
was of great importance. This boiler consists of several coils of 
copper tube encircling  a  furnace, and afterwards  delivering  into  the 
top of a vessel which forms a  separator, and from the bottom of 
which  the coils first start.  When  the  separation of the steam and 
water  takes place above the water-level, it can be accomplished in 
the smallest possible space, for there  is no remixing. The most 
favourable  condition for separation is  when  the mixed steam 
and water  is made to take a curved path,  the heavier  portion 
selecting  the  greater  radius  and flowing gently upon the mass of 
water  already separated. The  small space in  which separation can 
be  effectively  carried on when  this  principle  is employed is illus- 
trated by Plate 1, Fig. 8, which  represents a boiler made by  the 
Author’s firm for a  shallow  steamer  to navigate  the  rivers  in  Central 
Africa. The volume of the steam-space in  this separator is only 
2 -  65 times  that of the  cylinders supplied with steam, the more 
common ratio  being about 90. A better idea is  given by stating 
that  the steam-room is only equal  to a supply of one-quarter of a 
second, while  the smallest space found sufficient in  a locomotive 
boiler  represents  steam for about  six seconds. 

Many forms of separator have been devised to dry steam taken 
from boilers in a wet  state.  This is, however, an acknowledgment 
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of imperfect boilers, a,nd represents work which should have been 
done before the steam left  the generators. The  quantity of water 
contained in a  steam-boiler  cannot  be reduced conveniently below 
certain  limits,  without  making  the boilers difficult to manage  when 
the  engines  are  suddenly stopped. 

There is, however, one feature in  a  boiler in  which  the  water  is 
thoroughly circulated, in  that it allows the volume of water to  be 
considerably  reduced without  increasing  this source of trouble. 
Where  rapid  circulation  throughout  takes place, i n  order  to 
materially increase the steam  pressure, the whole of the  water  in 
the boiler must be  heated  to  a temperature to which  the  higher 
pressure is due. In the common boiler with a large heating-surface 
near  the water-surface, steam  may accumulate in  the steam-room, 
while  only  the surface-water is heated  to  the  temperature to which 
the steam is due. 

Circulation is governed by several  conditions, and amongst these 
the pressure in  the steam-generator is  an  important one. 

In water-tube boilers high-pressure is favourable to good 
working,  but it is not sufficient to consider this alone. When 
very  high pressure is used, long  tubes of small  diameter  may suc- 
ceed;  but pressure practically does not affect the  density of the 
descending column, while it greatly increases that of the ascend- 
ing one, thus lessening the difference by  which  the  circulation is 
maintained. 

The difference of density  may be considered as a  propelling force 
available for causing circulation, and  the  channel should be so 
proportioned as  to  give  the  highest velocity  practicable, without 
danger of overtaxing  this  propelling force. In this way, 
accumulation of scale on the heating-surface may be greatly 
retarded. 

The  diameter of the  tubes should  increase with  their  length; 
but when  their  upper ends are above the normal  water-line, like 
those in  the “ Propontis,” Plate I, Fig. 2a, described by Mr. Flannery, 
there is certainly  danger  in  making  them too large. In this case, 
instead of the steam and water  passing over in  foam, the steam 
alone will leave the tubes. The  impurities  brought  in  with  the 
feed-water will  gradually accumulate in the  upper  part of the 
tubes, and  will lead  to their destruction. 

The  Author  attributes  the  failure of the  upper ends of the 
23-inch tubes in the “ Propontis ” to  this cause, and it is possible 
that  obstruction from deposit collected in  this  manner  gave rise to 
the more serious failure of the  large water-chambers at  a later 
date. 
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In selecting  the most suitable  diameter  for  tubes,  safety  to the 
stokers  demands that  the failure of one tube  should  not be sufficient 
to  cause  a rush of gases from the fire-door. The  Author  thinks 
this  will  restrict  the diameter of the  tubes  to  something less than 
19 inch. This  will impose a limit to  the  length, because the  amount 
of steam  generated in a  tube of given  diameter is proportional to 
the length, and, while  the  available head  for  causing  discharge 
only  increases in  the same ratio, the resistance to  discharge  may be 
taken as increasing as the  square of the velocity  multiplied  by  the 
increased  length.  True, this resistance becomes less as  the  amount 
of water  discharged  diminishes,  and the head  increases, but  the 
safe duty  is passed when  the head  available  is  only sufficient to 
discharge  steam alone. 

Greater  length in  proportion to  diameter  is admissible with 
less intensity of heat, and where  special  lightness is  required  the 
tubes  should be as snlall as practicable, because in  this  way  the 
weight of water and material  and the space occupied will be a 
minimum. 

The  Author made experiments in  1882 with copper tubes in a 
smith’s  fire, to  ascertain the effect  of intense  heat on tubes of 
small  diameter. He found that  water could not be driven 
from a $-inch tube 6 feet  long,  when  a length of 3 feet  was 
exposed to a fire  prepared as for  welding. In  this case the 
pressure in  the tube,  where it was exposed to  the fire, only 
slightly exceeded that due to  the atmosphere,  and the head  avail- 
able  for  circulation  was  less than 2 feet. With tubes of less 
diameter, tried  under the same  conditions, the  water was  driven 
out  and the  tubes soon became overheated  and  fused in the 
fire. 

A small  experimental  boiler  was  afterwards made in which  seven 
tubes, 1 inch  in diameter,  were exposed to severe heat  in a fire- 
brick flue. The fire was  unable to damage  them, although  the 
mean  evaporation  per  square foot of surface  was  equal to  about 
IS& Ibs.  of water  per hour,  from  and at  212O. 

The movement of water  within  the  tubes is difficult to examine ; 
but  in  the tubes  experimented on at  atmospheric  pressure the flow 
from the upper  end  appeared  always  to  have  a  periodic  character. 
A  rush of combined water and steam  was  always followed by a 
period during  which  the flow was  almost  suspended. 

When  the  upper end of a generating  tube  terminates above 
the water-surface (Plate l, Fig. 7), there  is a certain  resistance 
to Overcome before circulation  can  take place. The ascending 
column, to  overcome this resistance,  must be sufficiently  ex- 
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panded to  extend  up  to a  level with  the  point of discharge, 
while  only  balancing  in  weight  the  shorter descending column. 
I n  this way, instead of circulation commencing with  the first 
application of heat, it is prevented until sufficient propelling 
force has been acquired to overcome the resistance above referred to. 
When, however, the  diameter of the  tubes is sufficiently small, 
no danger would appear  likely  to arise from this condition, for a 
very slow rate of boiling  within  the  tube would soon lessen 
the  density sufficiently to  destroy the conditions of equilibrium 
between the ascending and  the descending columns. It will  thus  be 
seen, that  if  there  is a  period in  which  the flow from the  upper 
end of the  tube  is suspended, while steam is accumulating  within 
the mass of contained water,  the expansion of this steam, at   the 
same time  that it pushes forward the  upper  end of the column, 
will also cause motion in  the opposite direction in  the lower end. 
In  this  way  the column will be expanded so as to reach  the 
point of discharge, and it will also be  reduced in  weight  by  the 
amount of water  which  has been driven from the bottom of the 
tube. 

At  this  point  in  the periodic  action, if  it be granted  that  the 
rate  at  which  heat  is absorbed during  the cycle of operations is 
regular, at  the same time  that  the column loses weight  there  will 
be a corresponding diminution in  the pressure, and consequent 
lowering of the  boiling  point ; from this cause the  rush from the 
upper  end of the  tube  will be  increased, while  the formation of 
vapour  will  tend to keep back the  water  at  the lower end. 

The  result of what  has now been described to  have  taken place 
in  the  tube  brings it to a  condition in  which  the ascending column 
has been greatly reduced in  weight,  and  the resistance to dis- 
charge at  the  upper end also reduced by  the  attenuated  nature 
of its contents.  Accordingly there is a rapid flow of water, 
unmixed  with steam, into  the lower end of the tube, bringing  its 
condition to  that  in  which discharge from the  upper  end of the 
tube  will be suspended, and  the cycle of its periodic discharge is 
complete. 

I f  a tube is considered in  which  the  upper  end is drowned or 
normally covered with  water,  important differences arise. At 
first  sight it would appear  that  the conditions are more favour- 
able to the  kind of generating  tube  under discussion than those 
last described, for there is no initial obstacle for the  circulation  to 
overcome. In   this  case, it has been pointed out  by Professor 
Osborne Reynolds that  circulation increases, until  the  density of 
the ascending  column has been reduced to  about one-half that of 
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the descending one, after  which  point  the amount of water  in 
circulation diminishes. 

I f  from any cause the flow  becomes unstable, and  the  tube  to 
a great  extent emptied of water,  the  inertia of the column of 
water  entering from below, by  retarding  the  refilling of the tube, 
will afford an  opportunity for the  water  at  the  upper  end  to  re- 
enter  the drowned tube,  and  thus resist circulation  by  loading  the 
tube  with a mass of compact water  in  the  upper  part. Steam  may 
thus be imprisoned for a short time in a  portion of the tube, and 
cause overheating. Of course, this would not  be  a  condition of 
equilibrium  in a boiler in  which  the descending  column consisted 
of water alone, unless the velocity in  the descending column were 
sufficiently  great  to  represent a loss of head, equal  to  the loss of 
head caused by  the imprisoned  steam in  the  circulating tube. 
It is, however, a strong  argument  in favour of protecting  the 
descending colunm from all  heat  in boilers  where  drowned tubes 
are used. 

Plate 2, Figs. 9, 10, and l1 are  intended  to  illustrate  what 
takes place, so far as the  Author can  imagine, in  a generating tube. 
I n  Fig. 9 different points  along  the base-line may be taken  as 
different  rates of evaporation within a tube,  the  extreme  left of 
the base being a  point where no heat is transmitted to the  water, 
and  where consequently there  is no evaporation. Equal spaces to 
the  right represent equal  additions  to  the  heat  transmitted,  and, 
as the pressure in  the  diagram is supposed to  be  constant, the 
inclined  straight  line, forming an  angle  with  the base, cuts off the 
vertical  ordinates a t  points  representing  the  rates of evaporation 
for the different rates of heat  transmitted.  The  upper continuous 
curved line  cuts  the  vertical ordinates at  points  representing  the 
total flow through  the tube, 'and  the portions of these ordinates 
between the curved line  and  the inclined straight  line before- 
mentioned  represent  water. I n  this  way  it is seen, starting from 
the  origin,  that  while  the volume of  sbeam increases regularly, 
the volume of water, a t  first increasing  rapidly, soon  ceases to 
do so, and  then  gradually diminishes. The  line  representing 
the  total flow tends  to follow the steam-line and  ultimately 
meets it. 

On the same diagram  is  another curved line  dotted;  this  line 
represents head or propelling power for circulation,  and it will be 
seen that  the  greatest  circulation of water takes place when  the 
density of the mixed steam and  water  in  the  tube is. about one-half 
that of   at er. As higher  rates of evaporation are  attained  the 
steam  gradually monopolizes the channel. This diagram clearly 
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demonstrates the  results of different rates of evaporation at  con- 
stant pressure. 

Fig. 10 (Plate 2) illustrates  what  takes place when  both 
heat  and pressure are so varied that  the volume of steam  pro- 
duced is  constant,  the base of the  diagram  representing  the 
increase of pressure  from 0 to  20 atmospheres. The  rate of evapor- 
ation  has been so chosen that  the volume of steam  and  water  is 
approximately  equal  throughout  the diagram. As pressure becomes 
greater  the  density of the steam  increases, and  this increased 
weight, becoming  a  considerable  element of resistance,  diminishes 
the total volume of  flow. This  diagram is of interest  in  giving 
an idea of the  work  that can  be  got  out of a tube of certain 
dimensions at  different  pressures ; the dotted  line  cuts off vertical 
ordinates a t  points  representing  the  total  heat in  foot-lbs. of 
energy communicated to  the  water  in  the pipe at  the various 
pressures. 

In Plate 2, Fig. 11, heat  is made  constant  and the pressure 
variable. The  diagram  takes  nearly  the same  form as Fig. 9, the 
reduction of pressure having  very  nearly  the same effect on circu- 
lation as increase of heat.  The  Author  has endeavoured  to  estimate 
the conditions of working  in  the boiler to be afterwards described, 
and has  shown  approximately by Figs. 9 and 9a the  limits between 
which the  tubes  are worked. The  relative  amount of steam  and 
of water in circulation, in  what may  be taken  as  the  average of the 
tubes, is clearly  indicated. 

There  is one  rough  test  by  means of which an  entirely inde- 
pendent  estimate  may be made. This  test depends on the fact, 
that  when no steam  is  being  drawn from the boiler, and it is  simply 
acquiring  greater  density  in  the steam-space,  while the water is 
increasing in  temperature,  the  amount of steam in circulation in  
the  tubes  will be greatly reduced, and  the  fall of the water- 
level in  the separator  will  give  a  measure of the change. This fall, 
however, is less than  the  fall  in  a locomotive boiler  under  similar 
conditions, being  only  about 2 inches  for  a  boiler in which the 
total  depth of water  is 4 feet 10 inches;  but  the  fact  must  not be 
neglected, that  the section of water i n  which  the  change of density 
takes place is five  times  less than  the area of the water-surface in 
the separator  where the change of level is observed. 

The  next  important  point to be considered is  weight,  and it is 
clearly  demonstrated that in a  tubulous  boiler,  where the circula- 
tion  can be made  systematic  throughout,  steam  can be more rapidly 
brought from the lower parts of the boiler and  delivered into the 
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steam-space than  in a boiler of the  ordinary form, because the 
increase of bulk of what is called the  water  in a boiler, that is 
the  water  and steam below water-mark,  depends directly on the 
amount of time the steam is submerged. 

By the use of a water-tube boiler it is possible to considerably 
reduce the  amount of water. 

In  the one which  will  afterwards be noticed, the  weight of water 
is  only  about  two-thirds of that required  for an equal locomotive 
boiler. This reduction of volume of water corresponds to a saving 
of material necessary to  contain it; and,  while considering the 
space enclosed within  the pressure-resisting walls of the boiler, 
the  Author would direct  attention to  a very important difference 
between water-tube boilers where  the steam and  water only have 
a pressure-resisting envelope, and those of the  ordinary form which 
have a strong  shell  containing  not  only  the  steam  and  water,  but 
likewise the fire and products of combustion. These latter  are 
again enveloped in a second or inner shell, and  thus  are covered 
twice  by  material to  resist the whole pressure  contained in  the 
boiler. This is one evident cause of the  great  saving of material 
possible with  the water-tube system. 

In  the discussion which followed a Paper  submitted  by  the 
Author to the  Institution  in 1881, Sir Frederiok Bramwell drew 
particular  attention  to  the fact,l that  in  ordinary boilers  much 
material  was  spent on surface that was inoperative for forming 
steam, and  the  water contained in  them  was  large  in amount. Sir 
Frederick  Bramwell considered that  the boiler offered the best 
opportunity for reduction in  weight  in propelling-machinery, an 
opinion which  appears to have been well founded. No sensible 
gain  has been made in  the  lightness of engines since that time, 
but  the Author's firm, by  changing  the form of boilers from loco- 
motive  to water-tube,  has been enabled  to  reduce their  weight  by 
about one-third. This  reduction  in  weight  has been accompanied 
by  greatly superior steaming-power, economy of fuel  and less 
forcing of the fires. Last  but  not least, the  safety of the boats 
and of the crew  has  been materially increased. 

I n  considering the question of weight  in  water-tube boilers, 
the necessary firebrick  casing has been an important element. 
Mr. Loftus  Perkins found  a substitute  in a  double iron casing 
enclosing  a layer of finely divided carbon. This formed an 
excellent non-conductor, but  required  an  air-tight case. The 
case had, however, to  resist a considerable degree of heat, as it 
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formed a flue in  which  the  heating-tubes were all contained, the 
water-tubes  themselves not  constituting  the  external case of the 
boiler. The firebrick used in  the boiler  designed by  the  Author 
is all  in  the firebox, and although  adding  to  the  weight  is to 
some extent  useful  by  keeping  the gases hot  during combus- 
tion;  but firebrick does not serve this purpose when placed in 
the flues, and coming in  contact with  the gases after  they  have 
been cooled by  the heating-surface. The  Author  thinks it right 
to acknowledge that Mr. du Temple has advanced the subject of 
water-tube boilers  for marine purposes, by  designing a  boiler in  
which sufficient circulation is maintained  to  permit  the use of 
small  tubes of considerable length;  and  this would appear  to 
be a very  light boiler if  the  weight of the firebrick  chamber in  
which  the  tubes  are placed could be neglected. 

The conditions  favourable to combustion demand attention. 
When it is no longer necessary to enclose the fire in a space which 
has been  secured at   the price of material  to enclose it, capable of 
resisting  the boiler-pressure,  much more space can be allowed in  
the firebox. The gases will  then  have  time  to combine before 
being  hurried across the heating-surface. When absorption of the 
heat is considered, care must  be taken  to cause the  heated gases to 
pass uniformly as far as possible over the whole  heating-surface ; 
for, when  the  opening  leading to the  chimney is situated  at  the 
upper  part of the boiler, the gases will  tend to take a direct  line 
to it and render  much of the surface of little value.  Provision 
must  therefore  be made to  prevent  this. On shipboard it is  not 
convenient  to  bring  the  chimney down to the base of a boiler, 
and cause the gases from an ample flue-area to select  themselves 
by  their  density, and thus  retain  the  heated gases as  long as 
possible. I n  ascending flues, the  area  must be so limited  that  the 
velocity in the flues causing sensible  resistance shall  prevent 
unequal escape of the  hotter gases. It is also desirable that  the 
gases within  the flues should cross and recross the  tubes  and  not 
move simply  along them. 

In studying economical production of steam the effect of forced 
draught  must  not be neglected. When a large heating-surface 
for the work  to be done is given  to a boiler with  chimney  draught, 
the combustion is necessarily  carried  on in  currents moving in a 
sluggish  manner, and under these  conditions it has been long  known 
that more air  per  lb. of fuel is required than when combustion 
takes place under a forced draught.  There does not seem any 
evident reason for this fact, but  the  Author  thinks  there  may  be 
some analogy in  the  beautiful  experiment  in  which Professor 
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Osborne Reynolds  introduced  a coloured stream of liquid  into 
a cylinder of flowing water,  and showed that  the two  streams 
might continue  to flow together indefinitely without  mixing  until a 
certain  critical speed was reached, after  which  new forms of motion 
were produced in  the  current,  and  mixture  rapidly became complete. 
I n  the evaporative  experiments made with  the boiler hereafter 
described, the fires were at  first worked with chimney draught only, 
and  afterwards air-pressure  was used varying  in amount, the 
greatest of which was  equal to a column of 2 inches of water. 
This  statement, however, is liable  to  be  a little misleading, for the 
rapid motion of the  air across the  top of the vessel’s funnel con- 
stitutes a source of draught  which is not properly  chimney draught, 
or  that depending on the difference of density  within  and  without 
the chimney. 

In the boiler  experimented on, although  there is a considerable 
permanent  opening  in  the fire-door, it was found that a very  thin 
fire was necessary to  ensure complete combustion under  natural 
draught.  Many designs have been proposed for utilizing  the forced 
draught produced by a  fan. The  Author believes that a fan  to 
force air  into  the stoke-hold is  the simplest and best;  and  if care 
is  taken  to  distribute  the  air  in such  a manner  that it has  not a 
high velocity  on entering  the stoke-hold, no inconvenience from it 
will be felt; on the contrary, the place will be rendered more cool 
and comfortable. This method of using a fan was  first employed 
by the Author’s firm in a screw-yacht “ The  Gitana”  in 1876, 
and  has since  spread  to all  the navies of the world, and seems 
likely to be used also in  the  merchant service. The  Author would 
claim the  credit of having first employed this method of forced 
draught for his  father, who in 1855 made a  small  steamer, or 
perhaps more properly  a model. It was fitted  beneath  the deck 
with a fan  which delivered air around its circumference into  the 
hold of the vessel. By enclosing the machinery so that  the  only 
passage for the escape of the  air was through  the fire to  the 
funnel, the fire was forced with perfect success. 
Fig. 1 ,  p. 52, and  Plate 2, Figs. 12, 13 and 14, represent a 

boiler designed by  the  Author embodying the principles of cir- 
culation and combustion which appear to  him most suitable for 
marine purposes. Lightness of structure  and  strength  to resist 
internal pressure have been particularly  kept  in view, and  the  evil 
effects of unequal expansion  have been provided for by  the curved 
form of the tubes,  which afford practically  the whole heating- 
surface. 

These  tubes are shaped so as to make an  arch over the fire, only 
E 2  
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allowing escape for the products of combustion by a series of narrow 
openings a little above the surface of the fire. In the upper  portion 
of the  arch, each tube  by  touching  its neighbour forms a practically 
continuous roof, and encloses a large space above the fire-bars 

extending  the whole length of the boiler. The  tubes  which com- 
pose the firebox, having  arrived at  a point  near the centre of the 
arch,  alter  their  direction of curvature,  and,  after meeting, turn 
apart  again t o  give room for the  largest vessel in  the boiler. By 
keeping  in contiguous  lines, they afford a protection  from heat to  
this vessel. In a similar  way in  which  the firebox is formed, 
two  rows of tubes  unite t o  make the  external casing of the boiler, 
thus  constituting a flue in which  numerous  other  tubes are placed. 
The ends of all  these  tubes  are secured in  three horizontal 
cylinders, of which  two serve the purpose of supplying  water to  
the tubes. The  third is a separator,  from  whence the steam pro- 
duced is  taken  and  the overflowing  water returned to the tubes. 
For this purpose large  external  tubes connect the separator to  the 
cylinders  forming the base, and between  these  cylinders the fire- 
bars  are  arranged  with a firebrick  bridge on either side  protecting 
the cylinders  from  excessive  heat. The fire-doors are  situated  at 
one end of the  tunnel or arch of tubes, and the other  end  is closed 
principally by blocks of light fire-resisting  brick  inclined away 
from the fire to add  to  their  durability. 

The water-level in  the boiler is best a little below the centre line 
of the separator, in which  is placed, underneath  the points  where 
the tubes  enter,  a  shield, to  guide  the  circulating  water down to  the 
water-surface, at  the same time  protecting from spray a perforated 
pipe in which the steam  is collected. 

All  the  essential  parts of the boiler  have now been  given. The 
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ends of the boiler are covered with  plating,  and,  in order to make 
the casing quite smoke-tight, the  outer  wall of tubes  is also covered 
with  light  plating,  but  this  has not to resist any  great heat. 

The first water-tube  boiler put  into a torpedo-boat by  the 
Author’s firm afforded a very satisfactory means of comparison 
between the  new boiler and  its locomotive rival,  which  had been 
placed in a sister vessel. 

The  result of steaming was eminently satisfactory, and  the 
saving in fuel a t  equal speeds was sufficiently evident  without exact 
experiment, the boat under  natural  draught  being about 1 knot 
an hour  faster  than  the  other vessel, the full-power trials showing 
also a difference of 0.67 knot speed in  favour of the former. Some 
evaporative trials were made by  the  Portsmouth  authorities,  and 
the  results seemed to  indicate  that  equal  duty could be obtained 
when the proportionate quantity of water evaporated  was 2 36 from 
the water-tube  boiler  to 1 - 0 0  from the locomotive boiler. This 
boat has been a t  work for three years, and, with a view to ascer- 
taining  the  state of the  heating-tubes in  the boiler, several tubes 
have been taken out. They afford a sample of tubes  under 
varying conditions. Some were taken from the firebox, where they 
are exposed to the  full  intensity of the flame and  radiant  heat, 
some were from the flue, and some from the  outer  layer,  which  are 
exposed to more gentle  heat  through  only one-half of their circum- 
ference. The condition of these tubes when cut open was found  to 
be very satisfactory. 

The  small  amount of scale in  their  interior  is  an  important 
feature, and  is a great contrast to  the  water-tubes  taken 
from the boiler of the  “Propontis ” where  the circulation  was 
not so well provided for. The  original thickness of the  tubes 
was 15 B.W.G., and  they  have suffered no perceptible diminution. 
The  interior surface is for the most part in excellent condition, but 
pitting does  seem to have commenced slightly  in  the  upper  part of 
some of the tubes, though  not sufficiently to show any reduction of 
thickness  where  a pit  has been cut  through  in  dividing  the tube. 
It should be observed, in  connection with  this  pitting,  that zinc 
blocks were  not put  into  the boiler until it had been working for 
about ten months. 

A  few of the  outer tubes are much corroded on their  external 
surface, but it is  worthy of particular note that these are  the  tubes 
least exposed to the action of the fire, and that  the damage is due 
to some cause independent of the stress to  which  the boiler is 
subjected while at  work. It is, in  fact, caused by  the outside of the 
tubes  having been wet  and  not  to  the action of the fire. The 
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boiler  shown in  Plate 1, Fig. 8, has  been at  work  for five years,  and 
it continues in  excellent  condition,  no  leak having appeared in 
any of the tubes,  which are of steel. I n  the case, however, of some 
boilers built much more recently  there  has  been  trouble  from  pitting, 
and  also  from corrosion of the  outer surface. 

The  pitting  may be due to  the presence of globules of lead left 
in  the tubes from the process of bending. The  uncertainty  which 
arises  from the use of iron or steel seems to make it desirable to  
employ  brass or copper  for  these  tubes,  and  experiments  have been 
made with  both these  materials.  Brass  has given decidedly 
superior  results ; the surface of the copper  tubes, when exposed to 
intense  heat, had become somewhat  rough,  showing that  the  metal 
had suffered some loss ; while  the brass  tubes  retained  a  surface SO 

smooth that it was  not  conceivable that  any appreciable  amount of 
metal was gone. 

It has  been  suggested that brass  tubes  would suffer in  the  part of 
the boiler  above the level of watermark  in  the separator ; but  the 
most careful  examination  has  failed  to  discover any  sign of injury 
at  this  part,  although in the  experimental boiler,  which was not 
designed  for econonly of fuel, the products of combustion  were at  a 
very  high  temperature even above the  highest  part of the generat- 
ing tubes. The  result of the experiments  has  been to induce  the 
Author’s  firm to use  brass for these  tubes in  all  the boilers now 
under construction. The  highest pressure hitherto used in these 
boilers  has  been 250 lbs. per  square  inch. 

Ordinary  steam-pipe joints  are  not  suitable for this  high pressure, 
and  the  Author  is  indebted to  Mr. Perkins for a very concise 
description of a  suitable  joint.  He  said, ‘‘ It must be metal,  and i t  
must be narrow.” 

I n  making  a  steam-tight  joint  with metal,  two courses are open. 
The one is to use  accurately  fitted  surfaces of considerable extent 
on  flanges of great  rigidity, or, if not of great  rigidity, so secured 
that  their elasticity  has  an  equal effect throughout  their circum- 
ference. The accurately  fitted  joint  is  necessarily  expensive.  The 
other method is  to use  a  narrow  metal joint upon which  the 
intensity of pressure  can be made so great  that  a continuous  line 
of contact  may be produced independent of any small  irregularities. 
Fig. 2, p. 55, shows the form of joint employed. 

With 200 lbs. pressure per  square  inch used with some boilers 
previously  constructed, no great difficulty  was  found with  the 
water-glasses, but  the  addition of another 50 lbs. seems to over- 
tax them. This difficulty  was overcome by  the  substitution of 
talc for  glass, as had  already  been done by Mr. Perkins. 
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Experiments on evaporation  were made with one of the  larger 
boilers by measuring the feed-water from tanks  and  weighing  the 
coal consumed, the  steam produced being allowed to escape from 
the safety-valves. The  duty obtained  appeared to be very  high, 
and  clearly  indicated  that more carefully conducted experinlents 
were necessary to give sufficient weight of evidence to establish 
the  truth of so unusual a performance. Experiments  have since 
been made by Professor Kennedy, which  although not quite 
bearing  out  the first trial  very  nearly do so. It is well 
known that  in a torpedo-boat, where  engines of considerable 

Fig. 2. 

STEA?~  JOINTS FOR WATER-TUBE  BOILER. Womma PRESSURE 250 LBS. 

power are compressed into  very  little space, there is no room to 
spare, and  the  Author was by no means sanguine  that it was 
possible to make measurements. These, however, have been 
successfully accomplished by Professor Kennedy, enabling  him  to 
give a balance showing  what was spent  and how it was expended. 
The  Author wishes to  point  out  that,  if  this can be done for 
powers of over 700 HP. on a torpedo-boat, the difficulties are much 
less on larger vessels ; and  that  trials of this  kind  may be made 
with  advantage on board some of the vessels in Her Majesty’s 
Navy. 

The measurement of water  returned from the engines to  the 
boiler presented the  greatest difficulties, the space available for the 
temporary tanks used for this purpose being so small that  they were 
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filled in a very  short  time ; but  they were so ingeniously arranged, 
with conical  tops and bases, that  any considerable error in measure- 
ment  was  not possible. In the first  experiments, the feed-pumps 
took their  supply  directly from the measuring-tanks. This, 
however, caused inconvenience in  the stoke-hold;  for the  limited 
water-space in  the boiler  renders it specially sensitive to failure 
in water-supply, and this  arrangement precluded any proper control. 
Also, when  working a t  small power, the  water  was  sent  into  the 
boiler  much too rapidly,  causing a fall  in  the steam-pressure, and 
then,  while  the  other  tank was  filling, there was  a long pause  when 
no water could be  obtained. The difficulty was overcome by  putting 
a temporary  tank in  the stoke-hold, into  which  the  water  was 
pumped after  being measured. A donkey-pump then pumped the 
water  to  the boilers as required. 

The  Author  has much  pleasure in  bringing before the  Institu- 
tion  the diagrams, Plate 3, Figs. 1 to 11, which  are  simply copies 
of those  accompanying Professor Kennedy’s report. In  the  trials 
referred to  in  the  report, as Professor Kennedy explains, only 
one boiler was  used; at  the same time  the combined economy 
of engines  and boiler has been calculated. The  result is, that 
when a point is reached in  which  the  engines  may be  expected 
to  work economically, the one boiler is forced much beyond its 
most econonlical rate of evaporation ; for it is  evident  that  when 
two boilers are used double the  amount of steam  can  be supplied 
to  the  engines for a given  rate of evaporation.  Again, the  air- 
pressure of 2 inches used in trial <( E ’’ was a test beyond the  rate 
of working for the maximum HP. With  this air-pressure sufficient 
steam  was  supplied by the  single boiler for 770 indicated HP., but 
when  both boilers  were working  together  the  greatest demand 
made upon each was  limited  by  the size of the engines to  produce 
steam sufficient for 650 indicated HP. This could be obtained with 
a wind-pressure of l$ inch. 

The  Paper i s  accompanied by several drawings and tracings, 
from which  Plates l, 2 and 3 and  the  Figs.  in  the  text  have been 
engraved. 

[APPENDIX. 

Downloaded by [ UNIVERSITY OF IOWA LIBRARIES] on [12/09/16]. Copyright © ICE Publishing, all rights reserved.



Proceedings.] TEORNYCROFT ON WATER-TUBE STEAY-BOILERS. 57 

A P P E N D I X .  

[COPY.] 
3, PRINCES STREET, 

WESTMINSTER, S.W. 
24th January, 1889. 

MESSRS. JOHN I. THORNPCBOFT & Co., 
CHISWICH. 

TORPEDO-BOAT  BOILER  AND  ENGINE  TRIALS (PLATE 3). 

DEAR SIRS,-I have now pleasure in  giving you a statement of the  results of 
the five trials of the Thornycroft  boilers and torpedo-boat  engines  which 1 made 
at  your  request in November  last. 

I have  made five experiments in  all-two with  natural  draught, one with 
about a t of an inch of air-pressure in  the stoke-hold,  one with  about 4 an  inch 
air-pressure, and one  with  about 2 inches of air-pressure. I have  distinguished 
these  trials by the  letters “ A ” to “E,” in  the order in which they were  carried 
out,  namely trial ‘‘ A ”  on 2lst November, 1888, trial  ‘*B ” on  22nd November, 
trial “ C ” on  24th  November, trial ‘‘ D ” on 26th  November, and  trial “ E ” on 
29th  November. It will,  however, be more convenient to  take  them  in  an  order 
corresponding to  the air-pressure in  the stoke-hold, and  in  what follows I have 
therefore  done this. Before  going on to describe any of them,  however, I may 
state briefly the methods  adopted. 

OBSERVATIONS IN BOILER TRIALS. 

The  essential  matter  to be experimented  upon  was  the  behaviour of the boiler 
under  different  conditions. 

I had  the  coal weighed  roughly into  sacks of 1 cwt. and cwt.  before  going 
on  board, and stowed in  the stoke-hold in these  sacks ; each  sack  was  weighed in 
the stoke-hole  by a tested  spring-balance  before  being  emptied, and  the weight 
of the  sacks themselves  was  also  afterwards  determined. The  water was 
measured in  the engine-room  on its way  from the  hot-well  to  the feed-pump. 
For this purpose  two  cylindrical tanks were  used,  each  holding  about 540 lbs. of 
water, and three-way  cocks  were  arranged  above and below these  tanks, so that 
one of them  could  always  be  remiving  the  delivery from the pump  while the 
other was in communication  with the feed-pump and therefore  being  emptied. 
The  tanks were  filled up to a  marked height on  a  glass  water-gauge, and when 
empty  were  completely  drained  by  the  lower  cock.  The  possible  error in  filling 
was  very  small,  amounting to  only 14 lb. of water  for B range of 4 inches  on  the 
gauge,  2  inches  above and 2 inches below the mark.  As it was quite easy to 
keep  the  water-level  within  this  range  during  the  trials,  the  probable  error  due 
to over or under  filling is practically nil. The feed-pump  could  always  empty 
one tank  in less  time  than  the  air-pump could fill the other. I n  trials “ A ”  and 
‘‘ B ” the feed-pump  delivered  direct into  the boiler as  usual,  in  the other trials 
the feed-pump  delivered into  a  small open tank  holding  about 50 gallons  placed 
in  the Mtoke-hold, and  the  actual  feeding of the boiler was done  by a donkey in  
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the stoke-hold. This was done in order  to  facilitate  the  keeping of the  water  in 
the boiler at  the  right level,  which would otherwise have  been somewhat trouble- 
some under  the  trial conditions. The  levels of the water in  the boiler  itself,  as 
well  as  in  this  auxiliary  tank,  were  always  made  the  same  at  the  beginning  and 
the  end of each  trial.  The  temperature of the feed, the  height of the water in 
the glass, the pressure in  the boiler, and  the  air-pressure  and  temperature  in  the 
stoke-hold, were noted  every five minutes  continuously  throughout most of the 
trials,  and  in  all cases every  ten minutes. Arrangements were made for  collect- 
ing samples of chimney gases, and for taking  the  temperature of those gases. 
This  latter was noted  every  quarter of an  hour,  the  thermometer  used  being a 
mercury  thermometer  containing compressed nitrogen over the mercury. The 
samples of chimney gases were collected about  every  hour  by  Mr. C. J. Wilson, 
F.C.S., and were afterwards  analyzed  by  him at University College, London. 
Samples of the coal, which was “Nixon’s Navigation,” were collected on every 
trial.  All  the  samples were subsequently  mixed  together,  and resampled, and 
duplicate  analyses made of the  coal;  this work was also done  by Mr. Wilson, 
who also dctermined  the  calorimetric  value of the  coal  by direc.t experiment. 
Samples of the  ash were also collected  and  analyzed. The measurements thus 
made have sufficed to  enable me to give you  a  detailed  account of the expendi- 
ture of heat  in  and  about  the boiler in each of the trials. 

The torpedo-boat tested (No. 258) had two boilers ; one of them was entirely 
disconnected  and  not  used  at  all ; the  tests were made entirely on the forward 
boilcr, and  in  all  the following particulars  about  the  behaviour of the engines 
and boat, it must  be remembered that  only  steam from one boiler was used. 

In  every  trial  a  running  start was made, as  the boiler was so sensitive  to 
changes  in  the f i e  or  feed that  greater  error would have been introduced  by  the 
irregularities  consequent on drawing  the fire than were at  all  likely  to follow 
the method adopted. The boiler  and  engines were allowed  to work in  the 
normal  conditions of the  trial for some little  time before the  start.  The fire was 
then allowed  to  run  itself  as low as was consistent  with the maintenance of the 
steam-pressure. The  ashpit was cleared,  and  there was a weighed quantity of 
coal placed upon the stoke-hold floor. At a  given  signal  the  height of water in 
the gauge-glass was marked,  as well as  the  level of water in  the  auxiliary  tank, 
and  the  first  portion of the weighed coal was put upon the fire. The  time n-as 
noted at  which  each  weighed  quantity of coal was  entirely  put  upon  the fire, and 
until  this happened no more coal was weighed out on the floor. The  signal for 
euding  the  trial was given at  a time, as  near  as possible to  the  intended  duration 
of the  trial, when all  the  conditions  as  to water-level, &C., were the same as 
those at  the  start.  The  diagrams of the  trials show to  what  extent  the coal con- 
sumption was constant  throughout  the whole of the  trial,  and afford, perhaps, 
the  best  test of the  extent  to  which  any difference in  the  state of the fire at  
start  and  finish  could affect the  result. It was intended  always  to  begin  and 
end  with  a  falling pressure, and  this was done  as  far  as possible, but  it was not 
found possible in every case. 

OBSERVATIONS IN ENGINE TEST. 

As it was not possible to  test  the  boilers  without  running  the engines, it  was 
thought  advisable  and  interesting  to  obtain  all  the  particulars  about  the working 
of the engines that could  be measured during  each  trial.  The  method of 
measuring the feed-water has  already been described. In  addition  to  this 
indicator  diagrams were taken  at or about  the  middle of each  twenty  minutes 
(in some cases fifteen minutes)  during  cach  trial,  the  number of revolutions were 
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found from the counter,  and  the I.H.P. computed from each  set of diagrams  by 
taking  into  account  the mean revolutions  per  minute  during  the period in which 
the diagrams were taken.  As it was desired  to  keep  the boiler-pressure thc 
same in  all cases, it was necessary in  the low-power trials  to  throttle  the  steam  very 
much on its way to  the  engines;  the  actual pressure available was, therefore, 
that given  by the gauge  attached  to  the  high-pressure valve-chest. The readiug 
of this  gauge was noted  every  time  diagrams were taken,  as were also the  gauges 
on the two receivers and  the vacuum-gauge, as  well  as  the engine-room gauge in 
connection with  the boiler. 

BOILER. 

The boiler itself was one of Mr. Thornycroft’s patent  tubular boilers, haviug  a 
heating-surface of 1,837 square  feet  and a grate-surface of 30 square  feet. In 
trials “ D  ” and “E,” a portion of the  grate was bricked  up, 80 that it was 
reduced to  26.2 square feet. 

EKQINEB. 

The  engines were triple expansion, of your  usual  pattern,  with  cylinders 14, 
20 and 314 inches in diameter  by 16 inches  stroke;  the piston-rods were 22 
inches  in diametqr. All  three  cylinders were jacketed. The feed-pumps were 
driven  by  the  main engine. Separate  engines were employed to  drive  the 
circulating  pump  and for the  fan. The boiler  supplied  steam for these  engines 
as well  as for the main engine, and also for the donkey-engine  and  the  steering 
engine. All  the separate  engines,  except  the  steering engine, drained  back  into 
the condenser, so that  the  water-supply was not lost. Taking  the whole experi- 
ment  as a boiler trial  this is, of course, of no importance, but  taking it as an 
engine  trial it must  be remembered that  the  total feed-water includes  that 
required for all  the  auxiliary engines, while, of course, the I.H.P. belongs to  the 
main engines alone. The  donkey-engine piston leaked considerably, especially 
upon trial “D,” when its work was lightest,  and  the  steering  engine  also  lost 
some steam  by leakage, so that  the figures as  given below, representing feed- 
mater used per I.H.P. per  hour,  are very much  larger  than correspond to  the  real 
consumption of the main engines. 

COAL. 

The following is the analysis  by Mr. Wilson of the coal used in the  trials :- 

Moisture . . . . . . . . . . . .  0.96 
Ash.  . . . . . . . . . . . . .  2.19 
Carbon . . . . . . . . . . . . .  87.76 
Hydrogen . . . . . . . . . . . .  4.11 
Sulphur,  nitrogen  and oxygen, by difference . . 4.98 

100~00 

Constituents.  Perceutrge. 

- 

1 find  by  calculation  that  this  fuel  has a calorific value of 14,900 thermal  units 
per lb., which is equal to  that of 1‘025 of a lb. of carbon. Each  lb. of coal is 
therefore capable, if completely burnt, of evaporating 15.41 lbs. of water from 
and  at 2120 Fahrenheit. Mr. Wilson has made for me a direct  determination of 
the  calorimetric  value of the  fuel  in  a  carefully  tested  calorimeter ; this  experi- 
ment shows thc  value of the  fuel  to  he 15,450 thermal  units  per  lb., which cor- 
responds to 15,020 thermal  units per lb. if the steam formed passes away in a 
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gaseous condition. This  value is only  about I per  cent.  in excess of that  due  to 
calculation, a most satisfactory agreement. Each  lb. of fuel  requires 11.5 lbs. 
of air,  theoretically, for its perfect combustion. 

The analysis of the  ash shows it to consist of 86.5 per  cent. of carbon, and 
13.5 per  cent. of inorganic  and  incombustible  matter.  (By  ash, I here mean the 
material  which  fell  through  the  grate  bars  into  the  ashpit  during  the  trial.) 

The  leading  particulars of all five trials  are  given in Tables I and 11. 

TRIAL “A,” 21ST NOVEMBER, 1888. NATURAL  DRAVGHT. 

This  trial was the first in order, and may be  taken  as  being  rather  in  the  nature 
of a  rehearsal  than  a complete trial,  but so many observations were made. that I 
have  thought it worth while  to work out  the  results  as completely as was possible. 
The  trial  lasted  about five hours. The stoke-hold was open. The  mean  boiler- 
pressure  was 186 lbs.  per  square  inch above the atmosphere, and  the coal burnt 
was 334 lbs. per hour, or 11.1 lbs. per  square foot of grate-surface per hour. The 
feed-water  mcasurement on this  trial was unfortunately  rendered  untrustworthy 
by  an  accident.  The  engine  ran  at 192.8 revolutions  per  minute, the pressure 
in  the HP. valve-chest  being  only 50.6 lbs. per square  inch.  The I.H.P. was 
150-3. The  total coal put upon the fire amounted to 2.22 lbs. per I.H.P. per 
hour, but  in  this case none of the  ash (which it  will  be seen contained over 85 
per  cent. of carbon) was re-used. The  ash  amounted  to  just 16 per  cent. of the 
whole weight of the fuel. 

The samples of furnace  gas  collected  during  this  trial were analyzed  with the 
following  results :- 

Constituents.  Percentage by Volume.  Percentage by Weight. 
CO, . . . . . 8.58  12.63 
CO- . . . . . 0.39 
U.  . . . . . 10.71 
N . . . . . 80.52 

100~00 
- 

0.37 
11.47 
75.33 

100~00 
- 

Calculation from this analysis shows that  about 24 lbs. of air per lb. of coal 
were used ; that is about 2 . 1  times  the  quantity  theoretically  required. 

TRIAL ‘‘ D,” 26th NOVEXBER, 1888 (PLATE 3, BIG. 3). NATURAL DRAUQHT. 

This trial  lasted 4 hours 57 minutes. The stoke-hold was open, the mean 
boiler-pressure  during  the  trial 181.8 lbs., and  the coal burnt  per  hour 203.3 lbs., 
or 7.74 lbs. per  square foot of grate  per  hour.  The  feed used per  hour was 
2,281 lbs.,  which corresponds to  an  actual  evaporation of 11.22 lbs. of water  per 
lb. of coal. The  temperature of the feed was, however, 76O.3 Fahrenheit,  while 
the  temperature of the steam  was 380O.2, so that reduced  to  standard the 
eraporation was 13.40 lbs. of water  per  lb. of coal. The  ash  which  fell  through 
the  grate  amounted  to  about 47 lbs. per hour;  this  very  large  percentage being, 
of course, due  to  the very thin fire that  had  to  be  kept  up on the grate. The 
whole of this ash was put  back  again on the grate,  about a quarter of it in  the 
fourth  hour,  and  the  remainder in the  last hour. The coal line  in  the diagram 
of this trial shows very  clearly its use as fuel. 

The  detailed  analyses of the chimney  gases  are  given in  the appendix  to  this 
report ; the following is their mean :- 
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CO, . . . . .  11.74  17.10 
CO . . . . .  0.10 0‘10 
0 . . . . . .  7.71 8.20 
N . . . . . .  80.45  74.60 

100~00 100~00 

Constituents. Percentage by Volume. Percentage by Weight. 

- - 

The  analyses  given  in this and  all  other  similar  tables  are those of the  gas  in 
a dry condition, that is free from water vapour. I did  not  attempt  to find out 
the weight of moisture in  the gases by direct  experiment.  This omission does 
not  sensibly  alter  the  calculation  by  which  the  weight of air per lb. of carbon or 
coal is obtained ; its  greatest effect is  to make a small difference in  the specific 
heat of the gas. For example, the specific heat of the  dry  gas  in  trial “ B  ” is 
0.238, whereas the presence of gaseous steam, due  to  the  hydrogen  in  the  fuel, 
would increase this  to 0.242. The mean specific heat of the gases has  been 
taken  as 0.24 in  all cases. 

I find that  the above analysis corresponds to  only 18.14 Ibs. of air per lb. of 
coal, which is 1.62 time the  quantity  theoretically  required,  but it will be 
noted that  although  the  quantity of air  is so small  the combustion was very 
nearly perfect, only one of the samples collected showing any  carbonic oxide. 

The  heat of the  fuel goes in  greatest  part  to  the  heating  and  evaporation of 
water. The remainder  partly  heats the furnace gases, partly is lost  by  imperfect 
combustion and  partly  by  radiation  and  other causes. I attempted  to  determine 
the loss by  radiation,  as I have  been  able  to  do  approximately in some cases, by 
finding the amount of coal which it was necessary to  burn  in  order  to keep up 
the steam-pressure in  the boiler, no steam  being allowed to  leave  the boiler, and 
no water  being put  into  it.  The  quantity, however, was SO small that the 
errors in  its measurement due to  burning it in such a large  grate  prevented  my 
obtaining  any  satisfactory  results. 

The following short  Table shows the way in which the  heat of combustion 
was utilized  by  the boiler. I t  is perhaps unnecessary that I should  give the 
calculations in  detail :- 

Heat  expended in heating  and  evaporating feed-water . 86.8 
,, in raising  temperature of furnace  gases 10.8 

,, ,, by  radiation  and  otherwise  unaccounted for . 1 . 9  

Per cent. 

.. lost  through formation of carbonic  oxide . . .  0.5 

100’00 

The  small loss in furnace  gases corresponds to  their  very low exit  temperature, 
namely, 421’ Fahrenheit. 

The very  high  percentage of evaporation, 86.8, represents  the efficiency of the 
boiler, and is of course simply  equal  to  the  ratio between the  actual  evaporation 

and  that theoretically  due  to  the  perfect combustion of the  fuel, or-- 13.4 
15.4’ 

It is only  right  that I should  say that  this is the  highest boiler efficiency I 
have ever found  upon  any  trial  with  which I have  had  to do, if  indeed it be not, 
as I almost  think it is, the  highest on record in any  trustworthy manner. 

As regards  the  working of the  engines on this  trial, I can give you the follow- 
ing  particulars :- 

The  engines  ran  at 165.2 revolutions  per  minute, but in order  to  keep  the 
power down sufficiently it was necessary SO to  throttle  the  steam  that  the pressure 
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in  the high-pressure  valve-chest was only 22.7 lbs.  per square  inch above the 
atmosphere. As  the  engines  are  intended  to work also with  a  pressure of 
200 lbs.  per  square  inch in  the valve-chest, lit is  a  matter of some curiosity 
to  examine  their  behaviour  under  these  very  special conditions. The mean 
pressure  in  the  HP.  cylinder was 13.0 lbs.  per  square  inch, in  the MP. 
cylinder 9.5  lbs.  per  square  inch,  whilc  in  the LP. cylinder i t  was only 2 . 2  lbs. 
per  square  inch.  The  vacuum was 27.97 inches of mercury,  which on the  day 
of trial corresponded to  an absolute  pressure of 0.79 lb.  per  square  inch. 
The  total  feed-water per  I.H.P.  per  hour  (that  is,  as  already  explained, the 
total  feed-water per hour used  for all purposes divided by the  total  I.H.P.) 
was 25.6 lbs., the I.H.P.  being  only 89.1. The coal per  I.H.P.  per  hour  was 
2.28 lbs. The  water coming from the  jackets was collected and measured 
separately  before  being  returned  to the feed measuring  tanks, it amounted  to 
5.6 per  cent. of the whole  feed-water.  The  leakage  through  glands, &C., 
together  with the  non-return  to  the condenser of the  steam which  passed to the 
steering-engine,  made it necessary  to add  a  little  water from time  to  time in 
order  to  keep  the  water  at  its proper height  in  the boiler. This  added feed was 
separately  weighed  before  being  poured  into  the  hot-well  (through  which it 
passed to  the  measuring  tanks),  and  amounted to  0.57 per  cent. of the whole 
feed. 

TRIAL ‘‘ C,” 24th  NOVEMBER, 1888 (PLATE 3, FIG. 2). AIR-PRESSURE IN STOEE- 
HOLD, 0.27 INCH. 

In  this  trial it was intended  to  keep  the  air-pressure  in  the  stoke-hold  as 
nearly 1 inch of water  as possible. The  actual  average pressure during  the  trial, 
which  lasted five hours  and  nine  minutes,  was 0.27 inch.  The  average  boiler- 
pressure  was 171.2 lbs.  per  square  inch above the atmosphere, and  the atmo- 
spheric  pressure for the  day was 14.8 lbs.  per  square  inch.  The  coal  burnt per 
hour  was 559 lbs. ; the  rate of combustion being  therefore 18.6 lbs. of coal  per 
square foot of grate-surface per hour. The  ash  which  fell  through  the  grate 
during  the  trial  amounted  to 6 . 8  per  cent. of the  weight of coal, but was nearly 
all  put  back on the fire before the  end of the  trial. 

The  feed-water  evaporated  amounted  to 5,852 lbs.  per  hour,  the feed tem- 
perature  being 78O Fahrenheit,  and  the  steam  temperature 376O Fahrenheit. 
The  actual  evaporation  per  lb. of fuel  was  therefore 10.48 lbs. of water,  which 
reduced  to  standard  amounts  to 12.48 lbs. of water,  per lb. of coal. The  air- 
pressure in  the chimney,  mcasured close to  the place at which the  furnace  gases 
were  collected, was 0.03 inch of water.  The mean temperature of the chimney 
gases  was 540° Fahrenheit.  By  a most unfortunate  accident  to  the case con- 
taining  the  furnace gas sampling  bottles,  these were all  broken, 80 that I am not 
able  to  give  the  analysis of the  furnace gases for this  trial.  The  results, however, 
from  trials “D” and “B,” between which this  trial  lies, allow a fairly  accurate 
estimate  to  be  made of the  quantity of the  furnace gases. In  trial “D,” with 
natural  draught, 18.1 Ibs. of air were used per  lb. of coal;  in  trial  “B,”  with 
4 inch of pressure in  the stoke-hold, 17.4 lbs. of air were used  per  lb. of coal. 
I t  cannot  be  far  wrong  therefore  to  take  the consumption of air per  lb. of coal in 
trial “ C ”  as  about 17.8 lbs. The  heat  balance for this  trial  will  therefore 
stand  thus :- 

Heat  expended  in  heating  and  evaporating  feed-water . 81 ‘4 

,, lost  by  radiation,  imperfect  combustion  and  other-} 3. 
wise unaccounted for . . . . . . . . 

Per cent. 

1 9  ,, in  raising  temperature of furnace  gases. 15.0 

Downloaded by [ UNIVERSITY OF IOWA LIBRARIES] on [12/09/16]. Copyright © ICE Publishing, all rights reserved.



Proceedings.] THORNYCROFT  ON  WATER-TUBE  STEAM-BOILERS. 63 

The mean speed of ‘the engines  during  the  trial was 234.2  revolutions per 
minute, the pressure in the HP. valve-chest was 79.2  lbs.  per  square  inch,  and 
the  total  I.H.P. 282.1. The  total  feed-water  per  I.H.P.  per  hour  was  20.74  lbs., 
of which 4.0 per cent. came through  the  jackets,  and  0.76  per  cent. was added 
to  make up for losses as before described. The consumption of fuel  per  I.H.P. 
per hour was 1.98  lb. 

TRIAL “ B,” 22nd NOVEMBER, 1888 (PLATE 3, FIG. 1). AIR-PRESSURE m STOKE- 
HOLD, 0.49 INCH. 

In this  trial  the  air-pressure  in  the stoke-hold was kept  about  double  that of 
trial “C,” namely at 0.49  inch of water. The boiler-pressure, however, was 
lower than on the other  trials, namely, 149.4  lbs.  per  square  inch.  The  trial 
lasted  four hours, and 894 lbs. of coal were burnt  per hour, or 29-8 lbs.  per 
square foot of grate  per hour. The feed-water measurement on the 22nd No- 
vember was unfortunately  rendered useless by a defect in  the apparatus. As, 
however, the whole of the other  measurements were made, and were very 
complete, I thought it worth  while  to  attempt  to  supply  the  defect at  a later 
trial.  On  the  29th November the engines were run for an hour at  the same 
speed and at  the same I.H.P.  as  in ‘‘ B,” and  the feed measurements  during  this 
hour  have  been  taken  to  represent  those  throughout the whole of trial “B.” It 
was fortunately possible to  imitate  the  conditions of trial “ B ”  with  great 
accuracy. The revolutions  per  minute were 269.3 instead of 268.7, the  I.H.P. 
442  (from four  sets of diagrams)  instead of 449 (from twelve  sets of diagrams). 
The feed-supply during  the hour’s run was so constant  that  each  quarter of an 
hour  gave  practically the same figures. Under  these circumstances, I have  had 
no hesitation in accepting the water  measurement made on the 29th November 
as accurately  representing  the  water used on the 22nd. The feed-water used 
per  hour  amounted  to 8,583 lbs., its mean  temperature was 83O.8 Fahrenheit, 
and  the  temperature of the steam was 365O.5. None of the  ash  which  fell 
through  the  bars on this trial was re-used, and  under  these conditions the 
actual evaporation was 9.6 lbs. of water  per lb. of fuel, which  amounts  to 
11.35 lbs. under  standard conditions. Had  the  ash  been used again, as on the 
other  trials,  these figures would have  been  respectively  about  10.2  and  12.0 lbs. 
The mean temperature of the  chimney gases was 610° Fahrenheit,  and  the  mean 
chimney pressure shown by the U gauge was 0.12  inch of water. The mean 
analysis of the furnace gases is as follows, five samples having been taken  during 
the  trial :- 

Constituents. 
CO, . . . . .  11.68  17.00 
CO . . . . .  0.62  0.58 
0 . . . . .  7.41  7.82 
N . . . . .  80.29  74.60 

100~00 100~00 

Percentage by Volume.  Percentage by Weight. 

~ - 
- 

This analysis corresponds to  17.4 lbs. of air  per  lb. of coal. The  heat balance, 
allowing for the  non-burning of the ashes, was  as follows :- 

Per  cent. 
Heat  expended  in  heating  and  evaporating feed- 

Heat  expended in raising  temperature of furnace 
water . . . . . . . . . . . . .  78.2 

gases . . . . . . . . . . . . .  16.5 

Heat lost by  radiation  and otherwise unaccounted for 2 -3  
Heat lost by formation of CO . . . . . .  5 .0  
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The speed of the  engines in  this trial wa6 268.7 revolutions  per  minute. 
The mean  steam-pressure in  the HP. valve-chest  was 1205' lbs.  per  square 
inch;  the  I.H.P. was 449.2. The  total feed-water  per I.H.P. per hour works 
out  to 19.1 Ibs., of which 2 .2  per  cent.  passed through  the  jackets,  while 1.03 
per  cent.  was  added  to make up losses. The  fuel used  (not  allowing  for  ash) 
amounts  to 1.99 lb. per I.H.P. per  hour,  which  would  have  been  reduced to 
about 1.88 lb.  if the  ash  had been  burned. 

TRIAL '' E," 2 9 ~ ~  NOVEMBER, 1888 (PLATE 3, FIG. 4). AIR-PRESSURE IN STOKE- 
 HOLD,^ INCHESOF WATER. 

This was the  last  trial which  time  allowed to  be  carried  out,  and  the average 
air-pressure  was 2 inches. It was  practically a full power trial for the boiler 
Imder these  conditions, the  stoking  being almost  continuous, and  the vessel 
being  driven  about 18 knots (mean of four runs on  mile)  continuously. The 
trial  lasted two  hours  only,  which was considered  sufficiently long  under  such 
forced  conditions. It will  be seen from the  diagrams  that  water  and coal were 
used throughout  at  a  practically uniform  rate, so that  the accuracy of the  trial 
has not  suffered in  consequence of its comparatively  short  duration. The mean 
boiler-pressure  was 180.5 lbs.  per  square  inch, and  the coal burnt  per  hour 
1,751 lbs., or 66-8 lbs.  per  square  foot of grate per  hour. The whole of the 
ash,  about 53 per  cent. of the  fuel, was  reburned. The feed  used  per  hour  was 
15,554 lbs. its mean  temperature  being 111O.2 Fahrenheit,  while  the mean 
temperature of the  steam was 379'. 6 Fahrenheit.  The  actual average  evaporation 
was  therefore 8.89 Ibs. of water  per lb. of fuel, or 10.29 lbs.  per  lb.  reduced  to 
standard.  The  air-pressure  in  the chimney v a s  0 . 4  inch of water, the mean 
temperature of chimney  gases  being 777O Fahrenheit.  The following is the 
mean  analysis of three samples of gases taken  during  this  run :- 

Constituents.  Percentage by Volume. Percentage  by Weight. 
CO, . . . .  12.60  18.40 
CO . . . .  2-30  2.15 
0 . . . . .  4.45  4.15 
N . . . . .  80.65 75.30 

100~00   100~00  
- - 
- 

From  these  results I calculate  that  the  weight of air used  per  lb. of coal was 
about 17.2 lbs. The  heat  balance was as follows:- 

Heat  expended  in  heating  and  evaporating feed- 

Heat  expended  in  raising  temperature of furnace 
water. 66.6 

Heat  lost by  imperfect  combustion  or  by  formation 
gases 20.3 

Heat  lost by radiation  and unaccounted  for . . 3 .9  
of carbonic  oxide 9 . 2  

100.0 

Per cent. 

. . . . . . . . . . . .  
. . . . . . . . . . . . .  

. . . . . . . . .  
- 

- 
The speed of the  engine  during  trial " E " was 318.4 revolutions  per  minute, 

and  the mean  pressure in  the HP. valve-chest 168.4 lbs.  per  square  inch.  The 
I.H.P.  (eight  sets of diagrams)  was 775. The vacuum  which  had  been  about 
28 inches in  the  three former  trials, fell, not unnaturally,  to 25.2 inches of 
mercury. The total  feed-water  per I.H.P. per  hour  was 20.08 lbs., of which  the 
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jacket-water  amounted  to 1.9 per cent.,  while  0.93  per  cent. was added  to  make 
up for losses. The fuel used per  I.H.P.  per  hour was 2.25 lbs. 

COBWARISOX OF RESULTS. 
Tables I and I1 contain  the  various figures given above, along  with a number 

of others  which  are of interest,  and in  addition  to  these I appehd  tables con- 
taining  details  furnished mc by Mr. C.  J. Wilson of the furnace-gas analyses, 
and also the coal and ash analyses. The former are  specially  interesting  as 
showing  within  what  limits gases collected on one ancl the same trial  are  likely 
to vary. It will be noticed that  the  variation is very  much  greater, as might well 
be  expected,  upon  a  light power trial  (‘D ” than  upon  the heavy power trial 
“ E.” I append also to  this  report  diagrams  showing  graphically  the progress of 
each of the  four  trials  lettered “ B ”  to “ E  ” (Plate 3, Figs. 5 to 11). These 
diagrams  do  not  require  any  further  explanation. I append  also some other 
diagrams  which you may find of interest.  Diagram 5 shows graphically  the  four 
“ Heat  Balances”  in  relation  to  the pressure of air  in  the stoke-hold ; it will  be 
seen that  the percentage unaccounted for varies  very  little  in  the  four cases, and 
that  the  fall  in boiler efficiency is obviously due  to  the less perfect combustion, 
and  the  greater  amount of heat  carried away by  the  furnace gases. Some of 
these  matters  arc made still more plain  by  diagrams 6 and 9. Here  the base 
of the  diagram is made proportionate to the air-pressure in  the stoke-hold, 
while above it are  plottcd for each  trial  the chimney-gas temperatures, the 
quantity of air used per  lb. of fuel, etc. Diagrams 7 aud  8 show in similar 
fashion the composition of chimney gases, while  diagrams 10 and 11 show the 
principal  quantities measured during  the  trial in their  relation to the coal burnt 
per hour. 

I have  already  remarked on the most notable  evaporating efficiency of Mr. 
Thornycroft’s boiler when working at  very low powers. The manner in which 
it retains  that  high efficiency when  doing seven times as  much work is, perhaps, 
equally  remarkable. That one and  the same boiler should  be  able  to  supply 
steam  for powers varying from 90 to 770, maintaining so high  an  average 
efficiency throughout  the whole range, is a most remarkable  result,  and  one on 
which you may fairly  be  congratulated. 

The change from a  smaller  to  a  greater power can be carried  out  with very 
great ease. I found, for instance, on the  28th November, that I had  the 
engines  working steadily under  the conditions of trial “E  ” in considerably less 
than fifteen minutes  after  they  had been working steadily under  conditions 
similar  to those of trial “ B.” 

Faithfully yours, 
(Signed) ALEX. B. W. EENNEDY. 

[THF, INST. C.E. VOL. XCIX.) 

[APPBNDXX. 
F 
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A P P E N D I X .  

DETAILED ANALYSES of CHIYNEY GAS  and  ANALYSES of COAL and ASH. 
Chimney Gases. Trial A. November ZIst,  1888. 

Sample taken  at . . . . .  2.5 P.M. 4.5 P.M. 

Carbonic  Acid . 
Per cent. Per cent. . 8.22  8.95 

Carbonic  Oxide . . . 0.00 0.78 
Oxygen . . . . 11.57 9.85 
Nitrogen . . . . . . .  SO.21 80.42 __- 

100'00 100'00 - -  
Chimney Gases. Trial B. ATovernber 2 2 4  1888. 

Sample taken  at . . .  ~ 12.20~.~1 . '  1 P.X. 
1 i 

Carbonic  acid 13.75  8.09  13.08 
1 Per cent. I Per cent.  Per cent. Per cent. 

Carbonic oxide . . 
oxygen 

0.72 0.70 (0.63)' 

Nitrogen  80.39 80.06 (80.34)' 
5.14 11.15 5'95 

. . .  
. . . .  
. . . . .  

Per cent. 
11-67 

7.06 
1.05 

80.22 

Chimney Gases. Trial D. November 26th, 1888. 

Sample taken at . . .  !11.30a.x.  112.30p.~. 1 1.30 P.M. ' 2.30 PM. 1 3.30 P.M. 
l 

Carbonic  acid . . 
Carbonic  oxide . . 
Oxygen . . . .  
Nitrogen . . . .  

Per cent. 1 Per cent. 
13.16  13.32 
0.52 

100~00 100*00 

6.64  5.57 
80.04  80.75 

0.00 

Per cent. ' Per cent. 
9.66 1 12'34 
0.00 ~ 0.00 

100~00 , 100~00  

10.01 6.97 
80.33 ~ 80.69 

______ 

Per cent. 
10.19 
0.00 

80.44 
9.37 

100.00 

Chimney Gases. Trial E. November 29th, 1888. 

Sample taken  at . . . . .  . , 1 P.M. 

Carbonic  acid 

2.43 p.31. 2 P.M. 

, Per cent. 
. ' 12.51 

Per cent. 
12.47 

Per  cent. 

Carbonic  oxide 
12.81 

Oxygen . . . . .  . . ,  4.16 5-05 4.16 
Nitrogen . . . . . . . .  ~ 81.22 80.47 80.27 

. . . . .  
. ' 2.11 2 '76  2.01 

100*00 l 100*00 1 100~00 i l 

The carbonic  oxide  was  not  determined  separately in  this case ; the  nitrogen 
ancl carbonic  oxide  together  amounted to 80.97 per cent. 
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Analysis of Coal Used. 
(Described as Nixon’s navigation  steam coal.) - 

Moisture 0.96  
Pei cent. . . . . . . . . . .  

Ash . . . . . . . . . . . .  2-19  
Carbon . . . . . . . . . . .  87.76 
Hydrogen . . . . . . . . . .  4.11 
Sulphur . . . . .  4.98 
Oxygen - 

100~00 

Calorific value of coal determined  by expeximents in a modified Thompson’s 
calorimeter = 15.99 Ibs. of water  evaporated from and at  212O Fahrenheit per 
lb. of coal. This is equivalent,  as  explained  in  Report,  to  an evaporation of 
15.54 Ibs. of water from and  at 212O Fahrenheit if the water of combustion bc 
rejected (as in the trials) in a gaseous and  not  in  a  liquid condition. 

Analysis of Ash. 
Per  cent. 

Moisture . . . . . . . . . . .  4 *24 
Loss on burning . . . . . . . .  82.78 
Ash . . . . . . . . . . . .  12.98 

100’00 
- 

All  the above analyses were made for me by Mr. Charles J. Wilson, F.I.C., 
F.C.S., of University College. 

F 2  
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